In this paper, the noise vibration harshness (NVH) road surface morphology of a test site is scanned to establish a data processing system for the road surface, which can be used to transform the road surface morphology into the road surface excitation required for the road noise simulation analysis. The road surface morphology of the test site is used as the excitation input of the simulation analysis. The results obtained from the simulation analysis are equivalent to the experimental results. Using the actual scanning road surface morphology to simulate the excitation of a vehicle, the noise, as well as the vibration response of the vehicle under the actual road excitation of NVH in the early stage of vehicle development, can be accurately predicted. In the physical prototype stage, the rectification of vehicle road noise and the optimization to provide the needed excitation for the simulation analysis can be done, which will reduce the labor costs of the relevant experiment. Therefore, this method of road noise research has important engineering significance.
Introduction
The noise, vibration, and comfort of the vehicle are important indicators for measuring automobile quality [1] . The engine, road, and wind will all induce noise. These are the three major sources of noise in automobiles [2] , but for electric vehicles, engine noise is non-existent. Tire-road noise is the main source of noise produced by a car and is a remarkably complex phenomenon resulting from the combination of airborne and structure-borne phenomena, where the source is provided by the contact between tire and road surface [3] . Airborne noise is related to the compression of the air trapped within the tread of the rolling tire [4] . Studies regarding optimal road texture and mixture design for noise abatement are widely available [5] [6] [7] .
When a vehicle travels on a rough road, the road excitation passes through the tire to the suspension system and then spreads to the body, which will cause noise and vibration inside the vehicle, and its handling will directly affect the subjective feelings of the driver in the vehicle [8] . At present, domestic and foreign scholars have done a lot of research on the mechanisms of road noise generation and the control of the road noise transfer path. In the process of vehicle development, the research on road noise can be divided into two categories. One is to rectify the road noise problem in the pre-production or post-sale phase of the product. For example, based on the transfer path analysis (TPA) method, it is possible to identify the components that contribute to road noise and then optimize the design accordingly. For example, Zhang [9] optimized the interior noise based on the experimental TPA method and added dampers to the left and right rear suspensions to effectively reduce the interior noise caused by the road surface. Tan et al. [10] used the TPA method to combine the test and the simulation to optimize the analysis. By reducing the stiffness of the bushing, the road surface excitation noise of an SUV (Sports Utility Vehicle) was effectively reduced. Shivle et al. [11] optimized the road noise of a certain model based on modal analysis. The other category is to predict and control road noise problems during the product design stage. Li [12] cited modal tire modelling technology based on the random response analysis method and analyzed and calculated the vehicle road vibration and noise conditions under various vehicle speed conditions. Chen [13] used multi-body system dynamics theory, finite element theory, and boundary element theory to simulate the low-frequency noise characteristics of the car caused by uneven road excitations. Cha [14] used the multi-body dynamics model to obtain the excitation force at the connection point between the suspension and the vehicle body under the road surface excitation. The excitation force was used to analyze and optimize the noise inside the vehicle caused by the road surface.
At present, domestic and foreign scholars have done a lot of simulation analysis and research on road noise in the stage of product design. However, most of the road excitations [15] used by domestic and foreign scholars for studying road noise problems are based on national standard road surfaces [16] . The road test results, using benchmark cars, are used to collect road excitations, and then the incentives collected by the benchmark vehicles are used for the simulation analysis of the incentive input of developed models. It is difficult to simulate all types of complex road surface excitations by using the national standard road surface excitation, and it is impossible to predict the road noise and vibration of vehicles under various actual road surface conditions. However, there is a difference between the road excitation collected by the bench-marking vehicle and the actual vehicle model, which makes it difficult to accurately simulate the road noise and vibration caused by the actual road surface excitation. In this paper, a data processing system for the road surface morphology is established on the basis of the actual geometric morphology of the test site. The actual geometric morphology of the test site is transformed into the actual random excitation of the vehicle driving on the road, and the noise and vibration inside the vehicle are simulated and analyzed. The simulation results are then compared with the experimental results in order to verify the effectiveness of the data processing system of the road surface morphology of the scanning test ground. This also verifies the reliability of the road noise simulation analysis based on the road morphology excitation. The road surface morphology of the scanning test ground can be converted into the road surface excitation needed for the simulation analysis, which can be used for various vehicle speeds in the early stages of the product design. The speed can be determined at this stage. The accurate simulation and analysis of both the noise and vibration in the vehicle under the random excitation condition of the road surface have great engineering significance, and they can be utilized to predict road noise control and improve the competitiveness of the product.
Establishment of Digital Road Spectrum
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The road vertical section inspection system for scanning the road surface morphology of the test field is shown in Figure 1 . Both the laser displacement sensor and acceleration sensor are attached to the front end of the vehicle. According to the principles of triangulation, the surface features of the pavement can be detected. Five laser displacement sensors are used to sense the change in the geometric shape of the pavement. The altitude data of the pavement is reconstructed by measuring the distance between the crossbeam and the ground. The arrangement of the laser displacement sensor is shown in Figure 2 . The acceleration sensors (six routes in all) are mainly used to measure the vibration of the vehicle itself in order to eliminate the influence of the vibration of the car body on the characteristics of the scanned road surface [17] . The sampling frequency of the system is set to a sufficient height. The vehicle travels at a uniform speed along the test road. The sampling interval of the road surface is small enough to get adequate altitude data. The typical noise vibration harshness (NVH) road surface morphology of the test site is repeatedly collected to ensure the accuracy and effectiveness of the data in each road section. 
Data Processing of Road Surface Morphology
When the vehicle travels along a rough road, the tire is excited by the random uneven road surface, which causes a vibration and noise response inside the vehicle. The analysis of the noise and vibration response in the road is essentially a random analysis process. In the vehicle random response simulation analysis, the power spectral density is generally used to express the road excitation.
According to the "GB/T 7031-2005 Mechanical vibration-Road surface reporting of measured data", the power spectral density of the vertical displacement of the road corresponding to each laser is analyzed. The spatial power spectral density Gq(n) of the actual road surface is expressed in the following Equation [18] :
where, ( ) is the road power spectral density, and the unit is / ; is the spatial frequency that is the reciprocal of the wavelength λ, indicating that several wavelengths are included per meter length, and the unit is ; and is the reference spatial frequency, = 0.1 . The road surface spectral value under of the reference space frequency ( ) is known as the road roughness coefficient, the unit is / . The frequency index is expressed with , which will determine the frequency structure of road power spectral density.
In the random vibration analysis, the frequency domain method is used to study the random vibration characteristics of the vehicle, and the spatial frequency spectral density ( ) can be converted into time frequency spectral density ( ) according to the following formula: 
where, G q (n) is the road power spectral density, and the unit is m 2 /m −1 ; n is the spatial frequency that is the reciprocal of the wavelength λ, indicating that several wavelengths are included per meter length, and the unit is m −1 ; and n 0 is the reference spatial frequency, n 0 = 0.1m −1 . The road surface spectral value under n 0 of the reference space frequency G q (n 0 ) is known as the road roughness coefficient, the unit is m 2 /m −1 . The frequency index is expressed with w, which will determine the frequency structure of road power spectral density.
In the random vibration analysis, the frequency domain method is used to study the random vibration characteristics of the vehicle, and the spatial frequency spectral density G q (n) can be converted into time frequency spectral density G q ( f ) according to the following formula:
where C sp is the surface shape of the collected road.
Road Surface Morphology Data Processing System
The Matlab programming data processing system is constructed using Matlab programming. Some of the code is shown in Figure 3 [19] [20] [21] [22] [23] [24] . Using the written system, the collected road altitude data is converted into the actual excitation of the tire under various vehicle speeds. The working interface of the road surface data processing system is shown in Figure 4 . First, the speed of the vehicle on the road is input, then the road altitude data of the left and right wheels of the vehicle and the altitude data are imported according to the needs of the actual simulation analysis. The relevant frequency and resolution are input as the starting frequency, the termination frequency, and the frequency interval. The self-power spectral density of the left and right wheels in the relevant frequency domain can be calculated quickly, as can the cross-power spectral density under the excitation of the road surface. The output results are shown in Figure 5 . In the later stage of road noise simulation, the self-power spectrum density and cross-power spectrum density of the left and right wheels calculated by the system are applied, which can quickly calculate the noise and vibration response of the vehicle on the road according to the relevant speed.
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Calculation of Simulated Road Noise
Establishment of the Finite Element Model for the Electric Vehicle
According to the altitude data collected through the road surface topography of the typical NVH test field scanned, the system for simulating data on road surface noise can be used to simulate the road noise of the vehicle with the finite element method. The finite element model of a vehicle includes the trimmed body, suspension system, exhaust system, power transmission system, steering system and wheel. For sheet metal and pipeline, the shell element is used, with quadrilateral and triangle as the auxiliary method of modelling. The triangle has a low precision and a proportion of less than 10%. The ACM (Area Contact Model) unit is used to simulate the spot welding, and the welding seam are node-aligned and simulated using the shell elements. For the interior, the nonstructural quality form weight is used for simulation, and some structural parts are simulated by means of concentrated mass and rigid unit connection. The stiffness parameters of the rubber parts such as the bushing and the rubber hoist in the finite element model of the electric vehicle are measured and the damping parameters of the shock absorber are obtained through the measurement. Through tire modelling, the modelling method of modal tires is adopted while being integrated with the experimental results of tire parameters, modal properties and mechanical properties. The corresponding modal tire model is established before being corrected, and finally the tire model is reduced to spring and mass unit representation. The vehicle model is shown in Figure 6 below. 
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Establishment of the Finite Element Model for the Electric Vehicle
According to the altitude data collected through the road surface topography of the typical NVH test field scanned, the system for simulating data on road surface noise can be used to simulate the road noise of the vehicle with the finite element method. The finite element model of a vehicle includes the trimmed body, suspension system, exhaust system, power transmission system, steering system and wheel. For sheet metal and pipeline, the shell element is used, with quadrilateral and triangle as the auxiliary method of modelling. The triangle has a low precision and a proportion of less than 10%. The ACM (Area Contact Model) unit is used to simulate the spot welding, and the welding seam are node-aligned and simulated using the shell elements. For the interior, the non-structural quality form weight is used for simulation, and some structural parts are simulated by means of concentrated mass and rigid unit connection. The stiffness parameters of the rubber parts such as the bushing and the rubber hoist in the finite element model of the electric vehicle are measured and the damping parameters of the shock absorber are obtained through the measurement. Through tire modelling, the modelling method of modal tires is adopted while being integrated with the experimental results of tire parameters, modal properties and mechanical properties. The corresponding modal tire model is established before being corrected, and finally the tire model is reduced to spring and mass unit representation. The vehicle model is shown in Figure 6 below. In order to verify the accuracy of the model and facilitate the calibration of the simulation analysis of road noise in the later stage, after the vehicle model is established, the finite element model of the electric vehicle is used for free modal analysis. The simulation results are compared with the experiment results. The experiment photos of the electric vehicle are shown in Figure 7 . As there are numerous modal modes of the electric vehicle, the simulation and experimental results of some typical modal modes of the vehicle are listed in Table 1 . It can be seen in Table 1 that the deviation of the simulation results from the experimental results is small, showing that the finite element model of the electric vehicle is accurate and effective. Figure 8 shows a diagram of the simulation results specified in Table 1 . In order to verify the accuracy of the model and facilitate the calibration of the simulation analysis of road noise in the later stage, after the vehicle model is established, the finite element model of the electric vehicle is used for free modal analysis. The simulation results are compared with the experiment results. The experiment photos of the electric vehicle are shown in Figure 7 . As there are numerous modal modes of the electric vehicle, the simulation and experimental results of some typical modal modes of the vehicle are listed in Table 1 . It can be seen in Table 1 that the deviation of the simulation results from the experimental results is small, showing that the finite element model of the electric vehicle is accurate and effective. Figure 8 shows a diagram of the simulation results specified in Table 1 .
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Simulation Analysis and Experimental Bench-marking of Low-Frequency Road Noise of the Electric Vehicle
Due to the random roughness of the actual road surface, the study of low-frequency road noise of the electric vehicle based on the pavement morphology of the measured experimental ground involves the use of the simulation analysis software to analyze the random vibration response of the electric vehicle based on the excitation of random road surface. For such an analysis, the first step is to calculate the transfer function from the excitation point to the response point in the vehicle, such as the transfer function from the tire grounding point to the inner ear, seat and steering wheel. According to Equation (3) shown below, the second step involves the use of the excitation obtained by the previous data processing system for the road surface, and in the meantime, the corresponding self-power spectral density and mutual power spectral density are respectively applied to the left and right tires. In this way, the interior response of the vehicle can be quickly calculated [25] .
were × refers to the output power spectral density; × refers to the input power spectral density; * × refers to the conjugate of frequency response function; and × refers to the transposition of frequency response function.
The speed for the simulation analysis is set at 60 km/h so as to verify the accuracy of the simulation results in accordance with the road surface of the test site used in the simulation analysis. The actual vehicle runs at a three-speed 60 km/h uniform speed, and the microphone is arranged in the driver's ear. The sensor is arranged in the direction of 12 o'clock on the steering wheel, as shown in Figure 9 below. 
were [G z ] n×n refers to the output power spectral density; G q m×m refers to the input power spectral density; [H * ] n×m refers to the conjugate of frequency response function; and [H]
T m×n refers to the transposition of frequency response function.
The speed for the simulation analysis is set at 60 km/h so as to verify the accuracy of the simulation results in accordance with the road surface of the test site used in the simulation analysis. The actual vehicle runs at a three-speed 60 km/h uniform speed, and the microphone is arranged in the driver's ear. The sensor is arranged in the direction of 12 o'clock on the steering wheel, as shown in Figure 9 below. For comparison, Figure 10 shows both the simulation results and experimental results of the driver's acoustic pressure response. Judging from the analysis, the noise response of the driver's ear is slightly smaller than that of the experiment, which is due to the fact that the motor noise cannot be isolated from the ear during the experiment. At the same time, the effect of wind noise excitation on the noise response of the driver's ear is smaller than that of the experiment, but the peak frequency of the simulation results is similar to the experimental results. Figure 11 shows the vertical vibration response of the steering wheel in the direction of 12 o'clock. Judging from the analysis, the simulation results are slightly smaller than the experimental results, but in the frequency domain, the overall trend between the simulation results and the experimental results is more consistent, and the peak error of the vibration response is acceptable.
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Conclusions
First, based on the NVH pavement of a certain test site, the researchers scanned the NVH pavement morphology of the experimental field during the experiment and established a set of pavement shape data processing systems using the Matlab software. Second, the finite element model of the electric vehicle is established, and the reliability of the finite element model is verified through comparison of the modal simulation results with the experimental results. Through the use of the road surface excitation obtained from the pavement topography data processing system, the simulation results are compared with the experimental results. The effectiveness of the road surface excitation, which is obtained from the pavement topography data processing system, is also verified. Third, through the use of the real road surface shape of the test site as the excitation of the simulation model, we can accurately predict the noise and vibration response of the vehicle under the actual road excitation during the early stage of vehicle development, which is of great significance for improving the NVH quality of the product. During the stage of developing the product prototype, the road surface morphology is collected as the excitation input, which is beneficial to improving and optimizing the solution to issues of road noise. For comparison, Figure 10 shows both the simulation results and experimental results of the driver's acoustic pressure response. Judging from the analysis, the noise response of the driver's ear is slightly smaller than that of the experiment, which is due to the fact that the motor noise cannot be isolated from the ear during the experiment. At the same time, the effect of wind noise excitation on the noise response of the driver's ear is smaller than that of the experiment, but the peak frequency of the simulation results is similar to the experimental results. Figure 11 shows the vertical vibration response of the steering wheel in the direction of 12 o'clock. Judging from the analysis, the simulation results are slightly smaller than the experimental results, but in the frequency domain, the overall trend between the simulation results and the experimental results is more consistent, and the peak error of the vibration response is acceptable. 
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